We demonstrate shockwave propagation with a plane wave front in liquid water using a terahertz (THz) laser pulse. The THz light can effectively generate the shockwave in water due to strong absorption via a stretching vibration mode of the hydrogen bonding network. This produces a plane shockwave from a large area excitation of the water surface irradiated by loosely focused THz light. This contrasts with conventional spherical shockwaves triggered by plasma generation via multi-photon absorption of near-infrared light. The shockwave generation and the plane wave propagation were observed using a system with a THz free electron laser and shadowgraph imaging. The plane shockwave was generated by small irradiation energy density of THz light, 0.3 GW/cm 2 , and delivered 100 times deeper than the penetration depth for water. The THz-light-induced plane shockwave offers great advantages compared to the spherical shockwave, and it will open non-thermal operations for industrial and biological applications.
. Mechanisms of shockwave generation in the air-water interface. (a) Optical or IR laser generates the spherical-like shockwave from the point source by the intense laser field with tight focusing. (b) THz laser, by contrast, can generate the plane-like shockwave by the relatively weak field with loose focusing.
To realize the plane wave propagation in water, we propose a terahertz (THz)-light-induced shockwave. Because a large-area source is required for the plane shockwave propagation based on Huygens' principle, efficient energy conversion from the light source to the shockwave is necessary. We then adopt a THz laser pulse as the irradiation light source for shockwave generation. The THz light has a frequency of 10 12 Hz, which lies between the frequency ranges of light and radio waves. Due to resonance of the intermolecular vibration in the hydrogenbonding network of liquid water around 5 THz, 11, 12 the THz light is completely absorbed very close to the surface of the water with a penetration depth of 10 μm. The strong absorption induces a rapid and local pressure increase followed by the plane shockwave generation effectively. In addition, the low photon energy (4 meV at 1 THz) of the THz light does not induce any ionization, dissociation, or structural changes in the molecules. This is a great advantage of THz light for non-destructive shockwave generation in industrial and medical applications.
In this study, we demonstrate shockwave generation with THz light provided by a free electron laser (FEL) and detect it using the shadowgraph method with 10 ns time and 15 μm spatial resolutions. The characteristics of the THz shockwave are investigated by observing the spatiotemporal evolution. We conclude this study with perspectives on the THz-light-induced shockwave.
For the THz light source to generate the shockwave, we employed the THz-FEL on the L-band electron linear accelerator (LINAC) at the Research Laboratory for Quantum Beam Science, Institute of Science and Industrial Research, Osaka University. [13] [14] [15] [16] The detailed characteristics and the evaluation method of THz pulses from the FEL were described in the previous paper. 14 Linearly polarized THz macropulses are generated by the THz-FEL at a repetition rate of 5 Hz with the highest pulse energy of 50 mJ. Fig. 2 (a) shows a THz macropulse structure measured with a fast pyroelectric detector. The macropulse contains a train of about 150 micropulses separated at 36.9 ns intervals (27 MHz repetition). The highest micropulse energy was estimated to be 350 μJ, which is far and away the largest THz-FEL micropulse energy in the world. The temporal width of the micropulse was measured to be 1.7 ps by an electro-optic sampling technique. 17, 18 The center frequency was 4 THz, which corresponds to a lower frequency edge of the absorption band due to the intermolecular vibration in liquid water. At this frequency, the absorption coefficient of liquid water is 800 cm -1 , 11 which implies that more than 99.7% of irradiated energy is absorbed within 0.1 mm of the surface. shows a schematic diagram of the shockwave generation and observation system. The THz light passing through a polycrystalline diamond window from the evacuated FEL system into the air was loosely focused on the distilled water sample using a gold-coated off-axis parabolic mirror with a 50 mm focal length. To evaluate a spot size of the THz pulse on the water surface, we used a knife-edge method and estimated it to be 0.7 mm at full width at half maximum. The input pulse energy was attenuated with the THz attenuators (TYDEX), which contained wedged silicon wafers with different attenuation levels.
A two-dimensional cross-section image of the shockwave was observed using a shadowgraph technique, which clearly shows an inhomogeneous density distribution in transparent media. 19 In the shadowgraph image, the signal intensity depends on the second derivative of the refractive index, which is related to pressure and density via the Gladstone-Dale relation. Therefore, the shadowgraph is sensitive to the pressure wave, that is, the shockwave. As a probe light, a CW diode laser (LDM670, Thorlabs) with an output wavelength of 670 nm irradiates the distilled water in the quartz sample cell with a thickness of 10 mm. The probe light was incident on the water sample perpendicular to the shockwave propagation and was imaged by a 4f-type lens system onto the image-intensified CCD of the Princeton PI-MAX3 camera. The image capturing system was synchronized to the timing of the FEL macropulse generation, and gated by a time duration of 10 ns. The time gate was electronically scanned with the delay generator in the PI-MAX3 system. In this system, we observed time evolution of the THzlight-induced phenomena from a nanosecond to a millisecond time scale with a time resolution of 10 ns. Throughout this paper, the background image obtained without the THz light irradiation is subtracted from the original images, and the resultant background-subtracted images are shown in the figures. Fig. 3 (a) (Multimedia view) shows a shadowgraph image of a water sample irradiated by the THz-FEL with an averaged micropulse energy of 20 μJ. This energy corresponds to the power density of 3.1 GW/cm 2 with a pulse width of 1.7 ps and a beam diameter of 0.7 mm. A stripe pattern is clearly seen in the image. Each border line corresponds to a pulse front of shockwaves induced by the THz pulse train. An adjacent shockwave (border line) is one generated by the adjacent THz pulse. Thus, the propagation of the shockwave in water can be obtained from the single captured image. One of the remarkable features is that the THz-light-induced shockwave has a plane wave front. The plane shockwave can be generated from the plane source with loosely focused THz-FEL light, because its beam width of 0.7 mm is much larger than the thickness of the shockwave front, ~5 μm. The plane wave nature causes the long-distance propagation of the shockwave as explained in Fig. 1(b) . Fig. 3(b) shows the shockwave amplitude as a function of depth from the air-water interface. The amplitude is obtained by the horizontal sum of the pixel intensities in each row of the shadowgraph image. We emphasize that the shockwave reaches to 3 mm in depth, which is 100 times longer than the skin depth of water for the THz light. This result indicates that the energy of the THz light can be delivered into the water by the shockwave as mechanical energy. The spacing between shockwave fronts shown in Fig. 3 corresponds to the travelling distance of the shockwave in the time intervals of the THz pulse train, 36.9 ns. Thus, we can obtain the speed of the shockwave in water. To evaluate the speed and the intensity of the shockwaves quantitatively, Fourier transform of the waveform shown in Fig. 3(b) was calculated. Fig. 4(a) shows the shockwave speed as a function of the depth. The speed clearly depends on the depth, being 1528 m/s to 1490 m/s. This means that the shockwave is decelerated during propagation in water. The plausible reason for deceleration is that the local temperature and pressure depends on the depth in water.
The speed of sound is c 0 = 1483 m/s at the room temperature 20 °C 20 , and increases as the temperature increases. If the shockwave speed is close to the sound of speed and depends only on the water temperature, the deceleration of the shockwave indicates that the temperature gradually decreases from 39 °C (speed of sound = 1528 m/s) at the surface to 22 °C (1490 m/s) as the depth increases. The thermal diffusion in liquid water is much slower than the shockwave propagation, and then, the observed temperature gradient would require time for irradiation by multiple THz-FEL macropulses.
The shockwave deceleration is also interpreted as the result of the pressure decreasing due to dispersion of the shockwave during propagation. The weak shock theory in water provides the relation between the shockwave speed cS and the local pressure p as cS = c0 + βp/2ρc0, where β is the nonlinearity of the water (3.5 at 20 °C 21 ), and ρ is the density of water (998 kg/m 3 at 20 °C) 5, 22 . If the shockwave speed depends only on the pressure, the deceleration of the shockwave indicates that the local pressure of the shockwave front decreases from p = 38 MPa to 5.9 MPa during propagation.
The THz-light-induced shockwaves with weaker pulse energies are also observed and shown in Fig. 3(b) . We clearly see the shockwave with a micropulse energy of 6 μJ (0.9 GW/cm 2 ), and slightly recognized it with 2 μJ (0.3 GW/cm 2 ). By calculating the Fourier transform of the waveforms, the speed and amplitude of the shockwaves are obtained and summarized in Fig. 4 . The speed has no significant dependence of the THz micropulse energy. On the other hand, the amplitude relating to the local pressure of the shockwave front increases with the pulse energy. The input THz energy dependence suggests that the shockwave deceleration cannot be interpreted with the simple temperature gradient in water and the weak shock theory. We probably have to consider the effect of multi pulses contained in the single macropulse. Because the temperature and the local pressure of the shockwave front are very important parameters for chemical and biological reactions, we have to further investigate the shockwave propagation with thermo and hydrodynamical simulations. Another significant feature in Fig. 4(b) is that there is no obvious threshold of the input THz energy for shockwave generation in contrast to the conventional method triggered by plasma generation with near-IR laser. 5 This is one of evidences that the THz-light-induced shockwave is caused by strong linear absorption of THz light by water. In summary, we demonstrated generation and observation of a THz-light-induced shockwave. The initial process prior to the shockwave generation is linear absorption of the THz light by water as contrasted with plasma generation at the air-water interface by multi-photon absorption of near-or mid-IR light. This provides great advantages for the THz-induced shockwave as compared to the conventional IR-induced methods. First, the linear absorption is a mild and non-destructive process, and therefore, the proposed method can be applied to the biological tissue and fragile instruments. Next, loosely focused THz light can generate the shockwave with a plane wave front because of effective energy transfer from the THz light to the shockwave due to strong linear absorption by water. The propagation of the plane wave is easily controlled with reflective and focusing elements. Third, the THz-light-induced shockwave requires an irradiation energy density, 0.3 GW/cm 2 , which is smaller than that of 100 PW/cm 2 required for the IR-induced shockwaves by six orders of magnitude. 5 As a 2 μJ pulse at the frequency of 4 THz has recently been produced using a tabletop laser system, 23, 24 the THz-light-induced shockwave system can potentially be moved from the FEL facility to the laser laboratory for the medical and industrial applications.
The large absorption coefficient of the THz light means that the penetration depth in water is considerably shorter than 1 mm. Therefore, the THz light can directly affect the molecules or the biological tissues only within a submillimeter range. In previous studies, THz-light-induced DNA damage to a human skin sample with a thickness of less than 0.1 mm has been examined and discussed. [25] [26] [27] [28] THz-light-induced shockwaves will potentially be able to probe and control the chemical reactions and biological structures beyond the penetration depth.
